Etched silicon microfluidic pore network models (micromodels) with controlled chemical and redox gradients, mineralogy, and microbiology under continuous flow conditions are used for the incremental development of complex microenvironments that simulate subsurface conditions. We demonstrate the colonization of micromodel pore spaces by an anaerobic Fe(III)-reducing bacterial species (Geobacter sulfurreducens) and the enzymatic reduction of a bioavailable Fe(III) phase within this environment. Using both Xray microprobe and X-ray absorption spectroscopy, we investigate the combined effects of the precipitated Fe(III) phases and the microbial population on uranium biogeochemistry under flow conditions. Precipitated Fe(III) phases within the micromodel were most effectively reduced in the presence of an electron shuttle (AQDS), and Fe(II) ions adsorbed onto the precipitated mineral surface without inducing any structural change. In the absence of Fe(III), U(VI) was effectively reduced by the microbial population to insoluble U(IV), which was precipitated in discrete regions associated with biomass. In the presence of Fe(III) phases, however, both U(IV) and U(VI) could be detected associated with biomass, suggesting reoxidation of U(IV) by localized Fe(III) phases. These results demonstrate the importance of the spatial localization of biomass and redox active metals, and illustrate the key effects of pore-scale processes on contaminant fate and reactive transport.
■ INTRODUCTION
Biogeochemical cycling in subsurface environments plays a key role in the fate and reactive transport of contaminant metals and radionuclides. 1 Uranium is an important subsurface contaminant as either highly soluble U(VI), or sparingly soluble U(IV). Laboratory experiments have demonstrated that both microbially catalyzed enzymatic 2,3 and abiotic reduction of U(VI) can occur, 4−6 and these processes have been observed in the environment. 7, 8 Typically, metal-reducing bacteria in the subsurface (e.g., Geobacter, Shewanella) are responsible for both direct microbial U reduction and indirect U reduction by production of biogenic Fe(II). 4 Homogeneous U(VI) reduction by aqueous Fe(II) does not occur, 9 but Fe(II) sorbed onto Fe(III) oxide surfaces, 9 and structural Fe(II) in green rust 10 and magnetite, 11 have been implicated in abiotic U reduction. Once reduced, the reoxidation of U(IV) can be mediated by the presence of Fe(III) phases; Fe(III) (hydr)oxides may undergo reduction with the concurrent oxidation of U(IV). 12 However, given the insoluble nature of both Fe(III) and U(IV), close spatial contact is presumably necessary for this redox reaction to occur. Therefore, the spatial distribution of both metalreducing bacteria and Fe(III) mineral phases in the subsurface may exert a strong control on uranium speciation, and as a result the fate and transport of this contaminant.
In laboratory batch experiments, homogeneous mixing enables optimal conditions for interactions between biomass and redox active elements that drive these processes. In subsurface environments, however, porous sediments and groundwater flow may result in spatially separated systems, and nonuniform chemical and/or redox gradients at the fluid− fluid and fluid−mineral interfaces, where biomass and redox active elements may not interact as freely. Aquifer materials can exhibit physical and chemical heterogeneity over a wide range of scales. At the macro scale (i.e., continuum to field scales), depositional artifacts might result in contrasting hydraulic conductivity across meter distances in the subsurface. Li et al. 13 studied physicochemical heterogeneity controls on uranium bioreduction at the Rifle site and showed uranium bioreduction rates depended to a large degree on spatial distribution of hydraulic conductivity and bioavailable Fe(III). 13 At the micro scale (i.e., pore scale), the presence of grain coatings on sands and gravels, and the fines themselves (e.g., silts, clays), can result in the development of microenvironments, chemical/ redox gradients, and transition zones. Notable examples of microscale controls on uranium transport, speciation, and reactivity include those of McKinley et al., who demonstrate that the microscale chemical environment can affect the removal of U(VI) in the form of uranyl silicate from pore water in vadose Hanford formation sediments, 14 and Liu et al.
who demonstrate that aqueous U(VI) speciation evolves as solution composition changes from solution/sediment interactions, affecting the rate of bioreduction. 15 Biogeochemical cycling of key redox active species, such as iron and uranium, is dominated by pore-scale interactions, with strong effects resulting from the coupling of chemical reactions, physical transport, and microbiological processes. 13,16−18 However, despite the importance of these regions in contaminant fate and transport, they remain difficult to study experimentally and to model. Destructive bulk analysis of material from these zones is unable to account for the microscale spatial component of biogeochemical reactivity, while the technology does not currently exist to observe such processes at relevant scales in situ. This has resulted in a paucity of data to constrain and validate pore-scale reactive transport models.
Here, microfluidic pore structures etched into silicon substrate are used as two-dimensional model subsurface porous media systems (i.e., micromodels) to investigate the spatial controls exerted by biomass and Fe phases on U fate and transport. These devices allow the control and manipulation of mineralogy, flow rate, and microbial population, making it possible to interrogate microbiological and geochemical reactions coupled with pore-scale hydrodynamic processes (e.g., advection, diffusion, and mixing). 19 To date, characterization of biogeochemical reactive transport in micromodels have been limited to optical imaging including bright field, 20,21 fluorescence imaging, 22, 23 and Raman microscopy. 24 In this paper, a silicon micromodel, in combination with bright field/ fluorescence imaging and synchrotron X-ray fluorescence mapping/spectroscopy, is used to investigate (i) the colonization of a homogeneous pore network by a model Fe(III)-reducing bacterium; (ii) the microbially induced reduction of an Fe(III) phase precipitated within the pore network; and (iii) the subsequent redox interactions with U(VI) under advective flow conditions. X-ray microprobe (XMP) and X-ray absorption spectroscopy (XAS) are used to probe the distribution and oxidation state of Fe and U within the micromodel. Results indicate that the complex interplay between the microbial population and terminal electron acceptors (Fe, U) will affect U mobility in the subsurface across small spatial scales and under flow conditions. XMP has been previously used to characterize Fe speciation in batch samples, 25 in capillary columns under flow conditions, 26 and in ex-situ measurements of U(VI) bioreduction in contaminated soil samples. 27−29 To the best of our knowledge, this is the first time that XMP/XAS have been used to characterize U(VI) bioreduction in a pore network containing both Fe(III)reducing organisms and Fe(III) mineral phases and under flow conditions. ■ MATERIALS AND METHODS Micromodel Experiments. Micromodels were fabricated in silicon substrates using a microfabrication method involving photolithography and plasma etching techniques. 22, 30 Details of the fabrication method are included in the Supporting Information. A uniform pore network of 2 × 1 cm 2 (length × width) was fabricated with grain diameters of 300 μm, depths of 35 μm, pore spaces of 180 μm, pore throat of 40 μm, and an average porosity of 0.39. The main pore network was connected to two inlet channels ( Figure S1 , Inlet A and Inlet B), which allowed delivery of media containing electron donors and acceptors separately to generate a mixing zone down the center of the pore network ( Figure S1 ). A third inlet (C) next to the pore network in the outlet channel allowed injection of a chemical solution to quench further reaction in the outlet (D). Continuous injection of media was maintained at representative groundwater flow rates (with a Darcy velocity of approximately 1 cm min −1 ), using a pair of milliGAT LF smooth low flow pumps (Global FIA Inc., Fox Island, WA) controlled by FlowZF software. All solutions used in the study were maintained at 31°C in a heating block to prevent bubble formation in the micromodel as a result of heat transfer from the pumps. When required, Fe(III) phases were precipitated down the center of the pore networks via the addition of an aerobic basal salt medium 31 through one inlet and an anaerobic basal salt medium containing FeCl 2 ·4H 2 O (15 mmol/L) through the other inlet, mimicking the boundary between oxidized and reduced subsurface zones ( Figure S2 ). The pH of both solutions was maintained at ∼6.5. A poorly crystalline Fe(III) phase was precipitated within the central mixing zone down the length of the model; this process was continued until no further growth of the precipitate was observed (∼2 h). In principle, the transverse width of the precipitate was a function of contact and mixing of the two solutions; cessation of precipitate growth was thus consistent with physical loss of contact between the two solutions. During the Fe precipitation experiment, an acid solution (HCl, pH = 1.5) was injected through inlet C using a syringe pump (Harvard Instruments) at a volumetric flow rate equal to one-half of the total flow rate through the pore network to prevent precipitation and clogging of the outlet. An independent test using a fluorescent tracer showed minimal flow disruption in the pore network due to injection through C. 24 Microbial Growth and Exposure to U(VI). Derek Lovley at the University of Massachusetts Amherst kindly provided cultures of a Geobacter sulf urreducens strain that constitutively expressed a fluorescent green fluorescent protein (GFP), allowing the visualization of biomass using epifluorescence microscopy. These cultures were maintained on a freshwater medium (FWM) with acetate (10 mmol/L) and fumarate (10 mmol/L) as electron donor and acceptor, respectively, as described previously. 31 All micromodels, tubing, and fluid connections were sterilized by rinsing with a 2% bacdown solution (Decon Laboratories Inc., King of Prussia, PA) prior to inoculation. Inoculation of the micromodels was carried out in two steps. First, one set of micromodels was inoculated by flowing a stock solution of G. sulfurreducens cells in FWM (∼ 1 × 10 7 cells/mL) through both inlets for 48 h. The media was then switched so that FWM with acetate (10 mmol/L) was added through one inlet and FWM with fumarate (10 mmol/L) was added through the other. Cell growth was maintained under these conditions for 4 weeks. Next, a second set of micromodels was subsequently inoculated by adding the effluent from the first set of micromodels, which contained cells that had been conditioned to growth in a micromodel environment, through both inlets for 48 h. After this time, the media was again switched so that FWM with acetate (10 mmol/L) was added through one inlet and FWM with fumarate (10 mmol/L) was added through the other and cell growth was continued for a further 4 weeks. This two-step inoculation method was most effective for maintaining consistent biomass growth in the micromodel.
Two sets of experiments were conducted with and without Fe(III) oxide precipitates in the micromodel. In the first set of experiments, FWM containing either acetate (10 mmol/L) or fumarate (10 mmol/L) was introduced to the micromodel through separate inlets to establish cell growth. In the second set of micromodel experiments containing Fe(III) oxide as an electron acceptor, FWM containing acetate was introduced through both inlets but one inlet was supplemented with the electron shuttle anthraquinone-2,6-disulfonic acid (AQDS, 0.2 mmol/L) as a humic acid analog to facilitate electron transfer. 32 The Fe(III) oxide precipitate effectively acted as an impermeable barrier down the mixing zone in the center of the micromodel and prevented contact between the two solutions. Diffusion of solution through the Fe(III) oxide precipitate is possible; however, given the rate of flow in the micromodel, it is unlikely that diffusion would have a significant impact. Thus, this micromodel was considered as two physically separated experiments to investigate biogenic Fe(III) reduction; (i) in the presence of AQDS, which can transfer electrons from the G. sulf urreducens cells to the Fe(III) oxide without the requirement for physical contact; and (ii) in the absence of AQDS, where physical contact is required, as it is known that G. sulfurreducens cannot produce endogenous electron shuttling moieties. 33 Growth was continued under these conditions for a subsequent 4 week period, after which the FWM containing fumarate was switched to FWM containing uranyl nitrate (6 μmol/L) and for the Fe(III) oxide-containing micromodel, both inlets were switched to FWM containing acetate (10 mmol/L) and uranyl nitrate (6 μmol/L). Flow was continued for a further 4 weeks, after which it was stopped and the saturated micromodels were sealed under a N 2 atmosphere in a glovebox for synchrotron XMP/XAS. Due to the flow rate and the small pore volume, residence times within the micromodel were short (∼1 min) and therefore it was not possible to detect subtle changes in solution chemistry over the course of the experiment. However, influent and effluent samples were collected periodically (over 12 h to obtain sufficient sample for analysis) and U(VI) was analyzed with a kinetic phosphorescence analyzer (Chemchek Instruments, Richland, WA), to confirm that U was being retained in the micromodels.
Micromodel Visualization. All optical images of the micromodels were acquired with a Nikon Eclipse 2000TE epifluorescent microscope (Nikon, Melville, NY) using a 4× inverted objective at a spatial resolution of 1.6 μm, under both bright field mode and fluorescence mode using a GFP filter (excitation wavelength = 450−490 nm, emission wavelength = 500−550 nm). The microscope was equipped with a motorized stage (Prior Scientific Instrument, Rockland, MA) and a digital monochrome charge-coupled device (CCD) camera (Cool-Snap HQ2, Photometrics Inc., Tucson, AZ), both connected to a computer and controlled by NIS Elements imaging software (Nikon, Melville, NY). A total of 70 (10 × 7) separate images were taken at selected time points for each experiment; an additional image from outside the pore network area was also acquired, and image correction was systematically applied to correct for nonuniform illumination prior to montaging the 70 separate images to form a single image which captured the entire 2 cm ×1 cm pore network.
Synchrotron X-ray Microprobe (XMP) and X-ray Absorption Spectroscopy (XAS). X-ray microprobe fluorescence imaging was carried out at the synchrotron beamline 20-ID at the Advanced Photon Source, Argonne National Lab (beam size 3 μm × 7.5 μm, energy 12 KeV for Fe and 17.9 KeV for U). A Si (111) monochromator provided an energy resolution of 1 eV at the Fe K edge and 2.6 eV at the U L 3 edge. Micromodels were mounted in a secondary containment cell with a Kapton film window to facilitate X-ray measurements of U-containing samples. At the Fe K-edge, the energy of the Xrays was insufficient to penetrate the glass cover, so it was not possible to measure the Fe within the micromodel. Therefore, to map Fe distribution, the micromodels were sectioned under a N 2 atmosphere in an anaerobic glovebox and the Fe in the pore network was mapped in cross section. X-ray fluorescence images of the micromodels and cross sections were recorded and used to choose points for subsequent measurement of Xray absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) at the Fe K-edge and the U L-edge. Fe and U data were taken in fluorescence mode with an Fe foil and a uranyl phosphate powder standard used respectively for online energy calibration. The EXAFS and XANES data were analyzed using the Athena interface to the IFEFFIT program package. 34 For the near edge analysis, the valence was obtained using linear combination fits of normalized standard spectra to the normalized data.
■ RESULTS AND DISCUSSION
Microbial Colonization and Exposure to U(VI) in Acetate/Fumarate Micromodel. Colonization of defined pore spaces within the micromodel by GFP-labeled G. sulf urreducens cells under flow conditions, with acetate and fumarate as the electron donor and acceptor, respectively, was monitored using bright field and fluorescence microscopy. By comparison between bright field and fluorescent images, it was apparent that sufficient O 2 was present in the micromodel for maturation of all expressed GFP. In these pore networks, the majority of microbial growth occurred in the central mixing zone where conditions for biomass synthesis and respiration were most favorable with both electron donor and acceptor (Figure 1 ). As growth continued over a period of 4 weeks, "fingers" of biomass extending from the downstream side of grains into pore spaces were observed, indicating the effects of flow-induced shear stress on microorganism spatial distributions. Similar biomass growth patterns in homogeneous micromodels have been observed using an anaerobic halorespiring microorganism 20 and an aerobic bacterium. 21 After the 4-week growth period, U(VI) was added to both influent media inlets as uranyl nitrate (6 μmol/L). The cells within the pore network were exposed to the modified media for a further 4 weeks, after which time flow was ceased, but the micromodels remained saturated. The average concentration of U retained in the micromodel was 1 μmol/L per day). Areas of the micromodel around the central mixing zone where most cell growth had occurred were identified based on optical images and the U distribution in these areas was mapped using XMP in fluorescence mode, above the U L-edge ( Figure 2C) . The distribution of U in the pore network was closely but not uniformly correlated with areas of high biomass ( Figure 2B and C). XANES spectra of the U hot spots showed that the U was present as a U(IV) species, indicating that bioreduction of the U(VI) by the G. sulf urreducens cells had occurred within the pore spaces ( Figure 2D ). Due to the low concentration of U and the presence of water, it was not possible to obtain EXAFS spectra at the U L-edge to determine if the U(IV) was present as a uraninite or as mononuclear U(IV) "adsorbed" to the cells.
Microbial Colonization and U(VI) Exposure in Acetate/Fe-Oxide Micromodel. An Fe(II) rich anoxic solution was mixed with an O 2 -saturated solution to mimic the boundary between oxidized and reduced subsurface zones. Upon mixing, an Fe precipitate formed down the central mixing zone of the pore network. This precipitate effectively acted as an impermeable barrier down the center of the micromodel and prevented contact between the two solutions added through inlets on either side of the pore network. XANES/EXAFS spectroscopy of a cross section of the precipitate at the Fe Kedge revealed it to be a poorly crystalline Fe(III) oxide, with a structure very similar to that for ferrihydrite ( Figure 3 ). G. sulf urreducens cells were subsequently introduced into the micromodel through both inlets and were able to colonize this mineral phase, using it as a terminal electron acceptor coupled to acetate oxidation. A second micromodel exposed to the same conditions in the absence of cells was maintained as a control. In addition to acetate, the electron shuttle AQDS was also provided via influent flow through one inlet, with the Fe precipitate restricting the AQDS to one side of the pore network. Cell clusters imaged using fluorescence microscopy (white areas indicated in Figure 4B , Box 2) were predominantly localized in the region of the Fe(III) precipitate (dark areas indicated in Figure 4A , Box 2) in the section of the pore network without AQDS, with no cell growth observed away from the Fe(III) oxide ( Figure 4B, Box 1) . In the pore network region with AQDS, some cell growth was observed spatially separated from the Fe(III) oxide, as indicated by Box 3 in Figure 4B , suggesting that the G. sulfurreducens cells were using AQDS, instead of the Fe(III) oxide, as a terminal electron acceptor. 35 At this point, one micromodel was sacrificed and sectioned under anaerobic conditions to determine the distribution and oxidation state of the ferrihydrite-like precipitate in the pore network, after exposure to G. sulf urreducens cells, compared with the no-cell control (Figure 4 C−F) . The micromodel cross-section was mapped using XMP in fluorescence mode above the Fe K-edge ( Figure 4C , control; and D, with cells).In the control micromodel without cells, significantly more of the precipitated Fe(III) phase remained than in the micromodel that had been exposed to G. sulfurreducens cells. However, the XMP map in Figure 4C shows that the Fe precipitate still completely blocked the pore network, even after exposure to the cells. A series of points spanning the Fe precipitate in both micromodels was selected for Fe K-edge XANES spectroscopy ( Figure 4E and F) . Figure 4E shows two example XANES spectra for the no-cell control micromodel from the section of the Fe precipitate that had been exposed to acetate only, and from the region of the Fe precipitate that had been exposed to both acetate and AQDS, with a ferrihydrite standard for comparison. The spectra from the control experiments were very similar to those of the standard, suggesting that the Fe precipitate remained as ferrihydrite. In the experiment with G. sulf urreducens cells present in both sides of the micromodel, the XANES edge position for the section of the Fe precipitate that had been exposed to AQDS was shifted to lower energy ( Figure  4F) . A linear combination fit of this XANES spectrum, using ferrihydrite and wustite as Fe(III) and Fe(II) standards, respectively, revealed that the Fe precipitate contained 10% Fe(II). Therefore, enzymatic reduction and partial dissolution of Fe(III) had occurred in the section of the pore network that contained both G. sulf urreducens cells and AQDS, but some of the Fe(II) remained in association with the solid phase, possibly as sorbed Fe(II). However, the EXAFS spectrum remained ostensibly the same as that for ferrihydrite, suggesting that the presence of sorbed Fe(II) in these quantities did not result in a structural change in the Fe(III)-oxide mineral phase. Under no-flow (batch) conditions, G. sulf urreducens cells transform ferrihydrite to magnetite via goethite, in both the presence and absence of AQDS, with the rate and extent of the transformation dependent on the supply of Fe(II) to the system. 36 Benner et al. also found that a different dissimilatory metal reducer, Shewanella putrefaciens CN-32, transformed ferrihydrite into goethite and magnetite in a column system with advection (the flow rate was 2 orders of magnitude lower than in the present study), but the mineral transformation was inefficient with 80% of the residual Fe remaining in the ferric state at the end of the experiment. 37 However, Hansel et al. 38 found that, at low Fe(II) concentrations (<0.3 mmol/L) under advective flow, the loss of Fe(II) from solution was due to sorption onto ferrihydrite, not mineral transformation. 38 Due to the relatively high flow rate and the low concentration of biomass used in this study, it is likely that the Fe(II) concentration produced by the G. sulf urreducens cells in the vicinity of the ferrihydrite was not high enough to induce secondary mineralization.
To assess the effect of spatially separated Fe-reducing microbes and reduced/oxidized Fe-bearing mineral phases on U redox cycling, a micromodel containing the Fe precipitate and G. sulfurreducens cells that had been growing with AQDS in one side of the pore network and without AQDS in the other side for 4 weeks, was exposed to FWM containing acetate (10 mmol/L) and uranyl nitrate (6 μmol/L) through both inlets. After exposure to the U(VI)-containing media for 4 weeks, flow was stopped and the saturated micromodels were imaged using XMP in fluorescence mode above the U L-edge ( Figure 5 ). The darker regions in Figure 5A that do not correspond to fluorescent clusters of biomass in Figure 5B represent the Fe(III) precipitate. The majority of the sorbed U ( Figure 5B and C) is associated with the biomass and not the Fe precipitate. The XMP maps did not show any evidence for association of U with biogenic Fe(II) in the section of the micromodel that had been exposed to AQDS, suggesting that the concentration of adsorbed Fe(II) was not high enough to abiotically reduce U(VI). However, XMP mapping did show that there was a higher concentration of U on the side of the micromodel that had previously been exposed to AQDS (data not shown). Localization of U to this side of the micromodel is attributed to enhanced growth of G. sulfurreducens using both Fe(III) and AQDS as terminal electron acceptors. XANES analysis of U hot spots in the pore network ( Figure 5D ) indicated the presence of both U(IV) and U(VI). Thus, unlike the acetate/fumarate micromodel that contained only U(IV) associated with the biomass (Figure 2D ), a mixed valence state assemblage exists with U(IV) and U(VI) when biomass and Fe phases are colocalized in the acetate/Fe-oxide micromodel. This suggests the reaction and cycling of reduced U(IV) with Fe(III) phases.
The presence of U(VI) in the micromodel at a high enough concentration to detect using XANES indicates that some of it may have been associated with the Fe(III) phase. Previous batch studies have shown that U adsorbed to Fe(III) oxides, such as maghemite, remains as U(VI). 39 It is also possible that some of the microbially reduced U(IV) may have been oxidized by residual Fe(III). 7−9 Ginder-Vogel et al. 9 noted that the redox couples for UO 2(bio) /U(VI) and Fe(III) (hydr)oxide/Fe(II) occur at similar potentials under common groundwater conditions and confirmed the oxidation of UO 2(bio) by ferrihydrite, according to eq 1. 9 (1)
The rate-limiting steps in the oxidation reaction involved uraninite dissolution and reaction product transport. 9 Thus, the reaction kinetics are likely to be enhanced under flow conditions as opposed to those observed in static systems. Given that ferrihydrite is the only Fe(III) phase present and the pH of the HCO 3 − -containing FWM is ∼7, the mechanism of U(IV) oxidation may involve the formation of a U(VI) mineral phase in association with the U(IV), which would explain the mixed U oxidation states observed in the XANES analysis of the U hot spots.
Implications. A range of pore-scale geochemical and physical parameters will determine the localization of microbial biomass in subsurface environments. These include (i) shear stresses within preferential flow paths; (ii) microenvironments where local biogeochemical "hotspots" arise resulting from localized mixing of nutrients and electron acceptors/donors required for growth; and (iii) the subsequent development of chemical gradients associated with microbial activity. Due to the highly localized nature of microbial growth and enzymatic processes in the subsurface porous media, biogeochemical reactions and products will be heterogeneously distributed. One implication of this is that measurements made at the bulk scale (such as using XAS to measure bulk sediments) will reflect an average over that particular spatial scale and the heterogeneity that exists within it. This may influence process interpretation as well as predictions of future biogeochemical behavior. This work suggests that predictive approaches must take into account the potential recalcitrance or inaccessibility of localized Fe(III) phases to enzymatic reduction within the subsurface and the subsequent impact on U cycling, while the contribution of enzymatic U(VI) reduction performed by planktonic bacteria, away from Fe(III) phases, should also be considered.
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